Quasi-static and impact perforation of polymer-metal bi-layer plates by a blunt indenter by Mohagheghian, Iman et al.
 1 
Quasi-static and impact perforation of polymer-metal  1 
bi-layer plates by a blunt indenter 2 
 3 
I. Mohagheghiana,b,  G.J. McShaneb,*,  W.J. Strongeb 4 
 5 
a Department of Mechanical Engineering Sciences, University of Surrey, Guildford, 6 
GU2 7XH, UK 7 
b Department of Engineering, University of Cambridge, Trumpington Street, 8 
Cambridge CB2 1PZ, UK 9 
 10 
 11 
*Corresponding authors.  12 
Tel: +44 1223 332635, Fax: +44 1223 332662, Email: gjm31@cam.ac.uk  13 
 14 
 15 
Abstract 16 
The use of polymer layers to alter the impact response of metallic plates has emerged 17 
recently as an effective and economical means to enhance perforation resistance.  18 
However, the function of the polymer in such laminate systems remains unclear.  In this 19 
investigation we aim to identify, through systematic experiments, the influence of a 20 
polymer layer on the perforation mechanisms and energy absorption of laminated 21 
plates. In particular, we consider the combination of a polymer with a thin metallic plate 22 
in a bi-layer configuration, subjected to either quasi-static or impact loading by a blunt 23 
indenter. Bi-layers are investigated which comprise an aluminium alloy layer (6082-24 
T6) and a polyethylene layer (LDPE, HDPE and UHMWPE).  It is found that the energy 25 
required to perforate the bi-layer plate can significantly exceed that of the bare metallic 26 
substrate (showing the potential for polymer coatings as an effective retro-fit solution) 27 
when the polymer is on the impacted face.  Furthermore, bi-layer configurations are 28 
also shown to outperform the equivalent mass of monolithic metal if the correct 29 
thickness ratio of polymer and metal is selected. The effectiveness of a polymer layer 30 
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in enhancing perforation energy is connected to its large ductility, allowing extensive 31 
deformation of the polymer under the indenter, which in turn suppresses plugging and 32 
diffuses plastic deformation in the metal layer. In this way the energy absorbed by the 33 
metal layer can be maximised.  The thickness of the polymer layer is found to be a 34 
crucial parameter in maximising the effectiveness of the bi-layer target. An optimum 35 
polymer thickness is observed which maximises energy absorption per unit mass of bi-36 
layer target (for a fixed substrate thickness). The synergy between metal and polymer 37 
layers also depends on the polymer type and the rate of loading. A polymer with high 38 
strain hardening performs best under impact conditions.  However, under quasi-static 39 
loading, the bi-layer performance is less sensitive to the yield strength and strain 40 
hardening of the polymer.  41 
 42 
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1.  Introduction 45 
Enhancing the impact perforation resistance of materials at minimum weight is of value 46 
in applications such as lightweight vehicle construction and materials for security and 47 
defence.  Layered materials, of either similar or dissimilar properties, have been 48 
investigated as a more effective alternative to monolithic plates of the same mass.  49 
Recently, attention has been given to the use of polymer layers to enhance the impact 50 
resistance of metallic plates.  This has practical advantages: elastomers such as polyurea 51 
can be easily and economically applied to a wide variety of surfaces as a retro-fit 52 
coating.  Initial results indicate promising performance for polymer-metal layered 53 
structures [1,2].  However, the mechanisms responsible for enhancing the performance 54 
are not clearly understood.  In this investigation, we aim to study systematically the 55 
influence of a polymer layer on the quasi-static and impact perforation of thin metallic 56 
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plates, with targets having a total areal density up to about 10 kg m−2. This range of 57 
target mass has practical significance for understanding the protection of lightweight 58 
and thin-walled structural components, either from a retro-fit perspective (i.e. adding 59 
the polymer for reinforcement) or for impact resilient design. Furthermore, we focus on 60 
indenters and projectiles with a blunt nose-shape (i.e. flat-nosed circular cylinders). 61 
This is an idealised geometry, but provides useful insights into the target response to 62 
sharp-edged projectiles such as those generated by the fragmentation of an explosive 63 
device.  We first briefly review previous work on the impact perforation of laminates, 64 
including polymer-metal laminates. 65 
 66 
1.1 Impact response of metallic laminates 67 
Layering of metallic plates has been investigated as a strategy for enhancing impact 68 
perforation resistance. However, a consensus has not been reached about the 69 
effectiveness of layering for single-material systems. The approach has its basis in the 70 
observation that when a thick metallic plate is struck by a projectile the deformation 71 
will be highly localised (at the projectile perimeter in the case of blunt projectile), 72 
whereas a thinner plate (and therefore a stack of thinner plates for heavier structures) 73 
achieves a contribution to energy absorption through extensive tensile stretching [3].    74 
Some studies indicate that a monolithic plate is superior to the equivalent mass layered 75 
system [4–6], while contrary results have also been reported [7–9].  It appears that the 76 
effectiveness of layering depends on many parameters such as nose shape of the 77 
projectile [8,9], the number of layers [10], the ratio of the thicknesses of the layers 78 
[5,11,12] and the total thickness of the target [11,13,14].  Recently, it has been shown 79 
that using materials with dissimilar properties in metallic laminates can provide 80 
enhanced impact energy absorption.  In a numerical investigation, Teng et al. [15] show 81 
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that for low velocity impacts by blunt or conical projectiles, bi-layer metallic laminates 82 
absorb more energy than monolithic plates of the same mass if a more ductile metal is 83 
used in front (the impacted layer) with a higher strength, lower ductility metal behind.  84 
Flores-Johnson et al. [16] also show that using dissimilar materials in different layers 85 
in a metallic laminate can be superior to a single material configuration with the same 86 
mass. Their results suggest that a thin aluminium plate backed by a thick steel plate can 87 
deliver the best energy absorption. In a theoretical analysis of penetration of a layered 88 
target by a rigid projectile, Ben-Dor et al. [17,18] suggest that the ballistic limit is 89 
greatest if the plates are arranged with those having the smallest ratio of strength to 90 
density placed in front (i.e. nearest the impact surface). While these investigations 91 
reveal the potential benefits of combining layers with contrasting mechanical 92 
properties, the impact response of polymers differs greatly from that of metals, and so 93 
they do not provide a complete insight into the performance of polymer layers for 94 
impact mitigation. 95 
 96 
1.2 Impact response of polymer-metal laminates 97 
An early investigation into polymer-metal laminates was conducted by Radin and 98 
Goldsmith [4], comparing the combination of polycarbonate and aluminium alloy 99 
(2024-O) plates with equal mass monolithic metal and polymer plates under projectile 100 
impact.  Although the response of monolithic aluminium and polycarbonate plates were 101 
investigated for both blunt and conical nose projectiles, all of the tests performed on the 102 
bi-layer configuration were with the conical projectile.  Their results indicated that for 103 
the same mass per unit area, a bi-layer with the metal layer facing the conical projectile 104 
had a ballistic limit above that of monolithic metal, but below that of monolithic 105 
polycarbonate. The polycarbonate layer appeared to alter the failure mode in the metal 106 
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layer when these materials were combined in a laminate configuration.  Low-velocity 107 
drop-weight impact tests were conducted by Liu and Liaw [19] on PMMA-aluminium 108 
bi-layers with an epoxy adhesive interface.  In contrast to [4], their experiments showed 109 
that the impact damage (including delamination, and fracture of the polymer) is more 110 
severe when the aluminium plate is located on the impacted face.  The impact response 111 
of an elastomer-steel laminate was investigated by Roland et al. [2].  They considered 112 
a variety of elastomers backed by thick High Hard Steel (HHS) plates, and concluded 113 
that the glass transition of the polymer is a key parameter.  They argue that the greatest 114 
improvement in the ballistic limit is achieved for polymers that undergo an impact-115 
induced glass transition, due to the increase in viscoelastic dissipation associated with 116 
the transition from rubbery to glassy behaviour. However, the results show a modest 117 
(~10%) variation in performance for a wide range of glass transition temperatures, and 118 
so, as pointed out by these authors, there are likely to be other significant parameters.  119 
Indeed, the importance of polymer layer thickness also emerges from this study: a thin 120 
polymer coating can produce a significant increase in energy absorption, yet further 121 
increases in thickness have only a small effect. Roland et al. [2] also investigated the 122 
effect of the attachment method between the steel and the polyuria on the ballistic 123 
perforation. Two methods were considered: i) attachment using mechanical fasteners 124 
(i.e. screws) and ii) attachment using adhesives. No measurable difference in the 125 
ballistic limit was observed between the two methods. The role of polymer thicknesses 126 
was investigated further by Roland et al. [20], impacting polyurea coated metallic plates 127 
with a fragment simulating projectile. Again, energy absorption appears more sensitive 128 
to the polymer thickness than the chosen polymer type. It is further shown that it is 129 
preferable to position the polymer on the impacted face.  Xue et al. [21] conducted a 130 
series of numerical calculations on steel plates backed by a polyurea coating impacted 131 
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by blunt and conical projectiles. The simulations were compared with the experimental 132 
results of Mock et al. [1].  It was found that a polyurea backing is more effective for the 133 
conical projectile than the blunt projectile.  They suggest that, for conical projectiles, 134 
the energy absorption in the metal layer is increased due to the polymer retarding the 135 
onset of fracture in the steel plate. However, for the blunt projectile, the polyurea 136 
backing decreases the energy absorbed by the steel layer, with an overall increase in 137 
energy absorption accounted for by stretching of the polyurea. 138 
Polymer layers used in conjunction with a metallic substrate therefore appear to show 139 
promise for enhancing perforation resistance.  However, the precise function of the 140 
polymer layer in altering the dissipation of energy during the impact, and hence the 141 
optimal choice of polymer type and thickness for a particular metallic substrate and 142 
impact threat, remains unclear.  The goal of the current investigation is to address these 143 
issues for one impact scenario: the impact of thin metallic plates by a non-deforming 144 
blunt projectile. We support the impact results with quasi-static puncture experiments 145 
to gain clearer insights into the mechanisms of energy dissipation and the effect of the 146 
polymer layer throughout the perforation process. 147 
 148 
1.3 Outline of the current investigation 149 
This paper focuses on bi-layer laminates with one metal and one polymer layer (in 150 
addition to monolithic plates of either material for comparison). This laminate is 151 
particularly relevant to inform the design of retro-fit polymer coatings that aim to 152 
mitigate impact damage.  By understanding the interactions between the two layers and 153 
the mechanisms of energy absorption, we gain insights into optimisation of the laminate 154 
for perforation resistance.  To ensure controllable, repeatable layer properties and 155 
thicknesses, we opt for aluminium alloy 6082 for the metallic layer and extruded 156 
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polyethylene sheets of various types for the polymer layer (providing a variety of 157 
mechanical properties, while maintaining other parameters, such as polymer density 158 
and glass transition temperature, approximately constant). In this study, no adhesive is 159 
used between the polymer and metal layers. We acknowledge that at an adhesive may 160 
be necessary in practice, e.g. for large-scale application of polymer coatings. However, 161 
in the current investigation we opt for a simplified arrangement, with the layers in 162 
frictional contact only. As will be discussed subsequently, the key deformation 163 
mechanisms that we identify are not expected to be sensitive to the interface bonding 164 
conditions. This is also consistent with the findings of Roland et al. [2], that the regimes 165 
of response under consideration are largely independent of interface strength. 166 
Removing this additional variable allows the number of experimental parameters in this 167 
investigation to be better controlled.   168 
The paper is structured as follows.  The quasi-static perforation behaviour is first 169 
investigated, gaining insight into the stages of deformation and failure in the absence 170 
of significant inertia and strain-rate effects (Section 2).  This research indicates that a 171 
polymer layer placed between the indenter and the metallic layer can enhance energy 172 
absorption, not directly through dissipation within the polymer itself, but indirectly, by 173 
altering the mode of failure, and hence plastic dissipation, in the metal layer.  This is 174 
pursued further in Section 3 by determining how this effect varies as the polymer layer 175 
thickness is changed. This study shows clearly that the function of the polymer in the 176 
bi-layer configuration is to alter the effective nose shape of the indenter. An optimal 177 
polymer-metal thickness ratio emerges. To explain this observation, in Section 4, the 178 
effect is analysed in detail, by comparing the bi-layer results with a series of 179 
experiments designed to simulate the same effect, but through direct variation of the 180 
indenter tip geometry. These indicate that a specific effective tip geometry, intermediate 181 
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between blunt and hemi-spherical, maximises plastic dissipation in the metal layer, and 182 
induces a failure mechanism that matches the optimum bi-layer cases. In Section 5, the 183 
impact perforation of monolithic and bi-layer plates is investigated using a gas gun 184 
apparatus, with impact velocities up to 180 m s-1. Similar behaviour is observed in the 185 
quasi-static case, with a polymer layer facing the projectile resulting in a significant 186 
increase in the perforation energy. In Section 6, the influence of the mechanical 187 
properties of the polymer layer on the effective nose shape change and the perforation 188 
resistance of a laminate are investigated.  By comparison with metallic targets of the 189 
same mass, the significant performance advantage of the bi-layer configuration is 190 
demonstrated, both quasi-statically and dynamically.  In Section 7, alternative energy 191 
absorption mechanisms proposed in the literature are assessed for the current material 192 
combination. Finally, concluding remarks are given in Section 8. 193 
 194 
2.  Quasi-static perforation of a bi-layer laminate 195 
First consider the quasi-static perforation response of a single polymer-metal bi-layer 196 
plate configuration in comparison with monolithic plates of the constituent materials.  197 
The objective is to understand the effect of layering on the deformation, fracture 198 
development, energy absorption, and in particular whether the arrangement of the layers 199 
is significant for this material system, as was shown to be the case by Teng et al. [15] 200 
for metallic laminates.  A quasi-static perforation test allows the physical mechanisms 201 
of deformation and failure to be studied more easily, in the absence of inertia and strain-202 
rate effects.  As will be shown subsequently, the quasi-static tests provide relevant 203 
insights into the impact response. 204 
 205 
2.1  Test configuration 206 
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The test specimens used in this investigation consisted of flat plates with a circular 207 
target area fully clamped around the edge at a radius R = 50 mm.  The boundary 208 
condition was provided by a circular steel clamping ring with inner diameter 100 mm, 209 
as shown in Fig. 1. Twelve M4 bolts were used to fasten the clamping ring through 210 
clearance holes in the test specimen (a square plate of side length 130 mm) to a 211 
supporting plate.  The indenter was a solid circular cylinder, referred to subsequently 212 
as blunt tipped, with a diameter of 12.5 mm.  The ratio of indenter to plate radius was 213 
therefore Ri / R = 0.125.  The indenter was machined from mild steel, and underwent 214 
no plastic deformation during the indentation experiments. 215 
The bi-layer test specimen consisted of one metal and one polymer layer of 216 
approximately equal mass.  The metal layer was aluminium alloy 6082-T6 (ρ = 2700 217 
kg m-3) with thickness hm = 1 mm, and mass per unit area m = 2.70 kg m
-2.  The polymer 218 
layer was extruded low density polyethylene (LDPE, ρ = 930 kg m-3) sheet with 219 
thickness hp = 3 mm, and mass per unit area m = 2.79 kg m
-2.  In order to characterise 220 
each material, tensile tests were performed using an Instron screw driven test machine 221 
on dog-bone specimens machined with dimensions matching the standard ASTM-D638 222 
for the polymer and ASTM-E8 for the metal.  Nominal tensile stress-strain curves are 223 
plotted in Fig. 2 for each material. Nominal stress measurements were obtained from 224 
the test machine load cell readings. Nominal strain was obtained from the cross-head 225 
displacement for the polymer specimens. A laser extensometer was used for the metallic 226 
specimens. (Note that nominal stress and strain are used here as the onset of 227 
deformation localisation in the polymer specimens means that true stress and strain 228 
cannot be reliably calculated from the experimental data.)  The 6082-T6 has a yield 229 
strength of approximately 300 MPa, and fails at around 16% nominal tensile strain (Fig. 230 
2a). The LDPE has a yield strength of around 12 MPa, and undergoes limited strain 231 
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hardening prior to fracture at a nominal strain of approximately 700% (Fig. 2b).  In the 232 
bi-layer configuration, the polymer and metal plates are clamped together in frictional 233 
contact only; no adhesive is used between the layers. 234 
The quasi-static perforation experiments were performed using an Instron screw driven 235 
test machine.  The blunt indenter was mounted to the load cell on the cross-head of the 236 
machine with the specimen and clamping plate supported beneath.  The load cell was 237 
used to record the indentation force, and the cross-head displacement gave the 238 
indentation distance (it was confirmed that cross-head compliance has a negligible 239 
influence on the measurements for the specimens tested here).  All of the indentation 240 
tests were conducted at a rate of 1 mm min-1.  The tests were stopped after the indenter 241 
had fully perforated all layers.   242 
 243 
2.2  Phases of deformation: monolithic plates 244 
The quasi-static result for a monolithic aluminium alloy (6082-T6) plate with thickness 245 
hm = 1 mm is shown in Fig. 3a.  The response can be divided into two phases: before 246 
(phase 1) and after (phase 2) fracture of the metal.  Phase 1 consists of elastic-plastic 247 
bending and stretching of the plate.  This can be further subdivided: in phase 1a, the 248 
response is non-linear, and corresponds to elastic and plastic bending of the plate, 249 
accompanied by some local plastic deformation around the indenter tip.  In phase 1b 250 
the response is approximately linear, and is dominated by plastic membrane stretching.  251 
Later in phase 1b localisation of deformation at the edge of the indenter leads to a 252 
deviation from the linear trend.  At the end of phase 1, the plate fractures around the 253 
periphery of the contact area.  The failure mode for a blunt indenter pressing against a 254 
monolithic Al alloy plate is shown in Fig. 4a: a disc is cut by the indenter through local 255 
failure at the perimeter (‘plugging’).  Further resistance to indentation in phase 2, after 256 
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fracture of the metal plate, is due to further bending and crack propagation where the 257 
disc cut by the indenter remains hinged to the rest of the plate at one point on its 258 
perimeter: Fig. 4a. 259 
The linear trend during phase 1b has been observed previously for both thin and thick 260 
metallic plates [22–24].  The analysis of Oant and Haythornthwaite [22], which 261 
considers only the membrane stretching deformation of a rigid-ideally plastic circular 262 
plate loaded over a central patch, predicts a linear force-deflection response with 263 
gradient proportional to the material yield strength.  Simonsen and Lauridsen [25] 264 
derive a semi-analytical model for the indentation of a circular plate by a spherical 265 
indenter, accounting for strain hardening of the material (via a power law relationship).  266 
They showed that, in comparison with an ideally plastic model, strain hardening 267 
increases the gradient of the force-deflection response during phase 1b, although the 268 
response remains approximately linear in this phase.  269 
The indentation response of a monolithic LDPE plate of thickness hp = 3 mm is 270 
compared with the monolithic metal plate in Fig. 3b.  Although the plot of indenter 271 
force F versus displacement ui has a similar overall shape to that of the metal case, the 272 
lower yield strength of the polymer reduces significantly the slope during plastic 273 
membrane stretching (phase 1b).  The higher ductility of the polymer also delays failure 274 
to a larger depth of indentation.  As a result, the total energy absorbed during perforation 275 
of the plate is comparable with that of the monolithic metal plate (9.5 J for the polymer 276 
compared to 13.5 J for the metal). Here, we define energy absorption as the work done 277 
𝑊 by the indenting force 278 
𝑊 = ∫𝐹𝑑𝑢𝑖  . (1) 
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The failed polymer plate is shown in Fig. 4b. Failure is again by plugging, similar to 279 
that of the monolithic metal, although recovery of the large elastic strains in the plate 280 
results in a final hole diameter that is somewhat smaller than the indenter diameter. 281 
 282 
2.3  Indentation of LDPE / aluminium alloy bi-layers 283 
Two LDPE-aluminium alloy bi-layer configurations were considered:  (i) metal layer 284 
in front (i.e. in contact with the indenter) and (ii) polymer layer in front.  In both cases 285 
the metal layer thickness hm = 1 mm and the polymer layer thickness hp = 3 mm.  The 286 
indenter force versus displacement results for both cases are shown in Fig. 3b.  287 
Considering first the case with the metal layer in contact with the indenter, the response 288 
initially follows that of the monolithic metal.  Upon failure of the metal layer at ui ≈ 6 289 
mm, the response then follows closely that of the monolithic polymer.  There therefore 290 
appears to be no synergy between the layers in this configuration: the indentation 291 
response is close to the superposition of the two independent monolithic results.  The 292 
failure mode is shown in Fig. 4c (the contact surface is shown). The metal and polymer 293 
layers both fail by plugging, similar to their monolithic equivalents. 294 
Consider now the case with the polymer layer in contact with the indenter (marked 295 
‘polymer in front’ in Fig. 3b).  For this configuration, the gradient of the indenter force- 296 
displacement response up to the first drop in load is smaller than that for the monolithic 297 
metal case.  However, the onset of failure in the metal layer (corresponding to the first 298 
load drop in Fig. 3b) is significantly delayed.  The total energy required to perforate the 299 
bi-layer plate with the polymer in front (59.0 J) is therefore significantly greater than 300 
either that for the monolithic metal case (13.5 J) or the bi-layer configuration with the 301 
metal as the contacted layer (28.8 J).  The deformed plate at the point of metal fracture 302 
is shown in Fig. 4d (showing the distal surface).  At this point the polymer has yet to 303 
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fracture. We note that the mode of failure of the metal layer is significantly different 304 
from that of the bi-layer with metal as the contact surface (Fig. 4c).  Instead of fracturing 305 
at the perimeter of the indenter, a crack initiates nearer the centre of the plate.  The plate 306 
also shows significantly more plastic deformation (‘dishing’) around the indenter than 307 
the other configurations.  The increase in phase 1 energy absorption can be attributed 308 
to this dishing deformation.  If loading continues to failure of the LDPE layer, the 309 
deformed plate is as shown in Fig. 4e.  Three unequally-sized petals form, which 310 
undergo further bending and crack growth with increasing indenter displacement.  For 311 
this configuration the significant energy absorption in phase 2 can be attributed to this 312 
petal deformation. Clearly, for the bi-layer configuration with the polymer as the 313 
contacted surface, there is a strong synergy between the layers.  The change in the 314 
failure mode of the metal layer, from plugging to more extensive dishing and tensile 315 
failure, is similar to that observed when a metallic plate is loaded by a round-tipped 316 
instead of a blunt-tipped indenter.  317 
 318 
3.  The role of the polymer thickness on the effective nose shape change 319 
We next present a series of quasi-static indentation experiments in which the thickness 320 
of the polymer layer is varied (with the metallic substrate unchanged). By progressively 321 
increasing the polymer thickness, from zero to a thickness of the order of the projectile 322 
radius, we aim to clarify the connection between the effective nose shape change, the 323 
mechanism of failure and the perforation energy  324 
The constituent materials are again LDPE and aluminium alloy 6082-T6.  We consider 325 
bi-layer plates with the polymer facing the indenter (the configuration for which the 326 
effective nose shape change occurred). The thickness of the metal layer hm = 1 mm is 327 
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held fixed. Four values of polymer thickness were considered, hp = 1.6, 3.0, 4.5 and 5.9 328 
mm (i.e. hp / Ri = 0.26-0.94).  To measure local indentation of the polymer layer, two 329 
separate displacement measurements were taken: (i) the crosshead displacement (i.e. 330 
the displacement of the indenter) ui, and (ii) the displacement of the back (distal) face 331 
of the metal layer uB, measured using an LVDT displacement transducer in contact with 332 
the centre of the plate. 333 
The quasi-static indentation results are plotted in Fig. 5 for a monolithic aluminium 334 
alloy (6082-T6) plate of thickness hm = 1 mm, i.e. the bare substrate, and bi-layer plates 335 
with hm = 1 mm and increasing polymer layer thickness hp.  Fig. 5a shows the variation 336 
in indenter force F with the indenter displacement ui.  For all polymer thicknesses, the 337 
polymer layer increases the compliance during phase 1 (i.e. reduces 𝜕𝐹 𝜕𝑢𝑖⁄ ), but also 338 
substantially delays the onset of failure. The net result is an increase in total energy 339 
absorption, Eq. (1), with increasing polymer thickness, shown in Fig. 5b.  340 
To understand in more detail what is occurring as the polymer thickness is increased, 341 
the perforation energy is decomposed into two contributions in Fig. 5b: the energy 342 
absorbed before failure of the metal (phase 1) and after metal failure (phase 2).  This 343 
shows that the phase 1 energy absorption, which is predominantly due to dishing 344 
deformation in the metal layer (Fig. 4), reaches a plateau at hp ≈ 3 mm. Further insight 345 
into this plateau can be gained from Fig. 5c, a comparison of the displacements at the 346 
onset of metal fracture of the indenter (uif) and the distal face of the metal layer (uBf). 347 
The latter, obtained from the LVDT measurements, gives an indication of the degree of 348 
dishing deformation in the metal layer.  Increasing hp initially increases uBf , but it 349 
reaches a maximum when hp = 3 mm. Profilometry of the distal face of the metal layer 350 
confirmed a reduction in dishing deformation for hp > 3 mm.  The amount of local 351 
polymer deformation in phase 1 (represented by (uif - uBf) in Fig. 5c) continues to 352 
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increase for 3 mmph  , contributing to the indentation work. However, due to the 353 
lower strength of the polymer layer, this is a less effective dissipation mechanism than 354 
metal layer plasticity. The consequence of this can be seen if the total energy absorption 355 
is expressed per unit mass of plate 356 
?̅? =
𝑊
𝜌𝑚ℎ𝑚+𝜌𝑝ℎ𝑝
  ,  (2) 
which is plotted in Fig. 5b, for comparison. ?̅? is a maximum at hp = 3 mm, where the 357 
dishing deformation in the metal layer is a maximum. This result indicates that there is 358 
a critical polymer thickness that maximises the performance of the laminate.  359 
The critical polymer thickness in Fig. 5 can be explained in terms of an effective nose 360 
shape change, evident by inspecting the evolution of the mode of failure of the plate as 361 
hp is increased. Photographs of the rear (distal) face of the monolithic and bi-layer plates 362 
at the onset of fracture in the metal are shown in Fig. 6.  As the polymer thickness 363 
increases, there is a progressive transition in the mode of failure, with the fracture 364 
initiation point moving from the edge of the indenter to the centre of the plate. This 365 
effective nose shape change is further evident in the polymer ‘caps’, detached from the 366 
polymer plate at the tip of the indenter, and subsequently retrieved for inspection 367 
(shown in Fig. 6). Although the recovered shape of each ‘cap’ will not match that under 368 
load (due to elastic recovery), the influence of the polymer layer thickness on altering 369 
the tip geometry is evident.  This phenomenon, and its responsibility for the optimum 370 
bi-layer configuration, will be analysed further in Section 4.  371 
We note that the result above has been obtained for a particular value of the indenter 372 
radius, i.e. the non-dimensional group Ri / R is held constant. In this investigation, a 373 
small value of Ri / R = 0.125 is chosen, for which the metal plate deforms predominately 374 
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in a tensile membrane mode. Increasing Ri / R can lead to a change in the deformation 375 
mode of the metal layer and, consequently, may alter the mechanisms of interaction 376 
between the layers. The optimum value of the polymer thickness may then change. 377 
 378 
3.1 Substrate thickness 379 
In order to assess the sensitivity of the indentation phenomena described above to the 380 
metal layer thickness, the experiments were repeated with the aluminium alloy substrate 381 
thickness increased to hm = 2 mm.  Again, we consider bi-layer plates with polymer 382 
thicknesses hp = 1.6, 3.0, 4.5 and 5.9 mm. In all cases, the metallic layer is the same 383 
aluminium alloy 6082-T6 and the polymer is LDPE, placed on the front (contact) 384 
surface.   385 
The quasi-static results for the hm = 2 mm bi-layers are given in Fig. 7, and compared 386 
with the hm = 1 mm case.  The deformed specimens are shown in Fig. 6.  The same 387 
failure mode transition from plugging failure to dishing and tensile failure as the 388 
polymer layer thickness is increased occurs for the thicker substrate. The increase in 389 
perforation energy achieved by adding a particular polymer thickness is, however, 390 
larger for the thicker substrate (Fig. 7), due to the additional work done in plastic 391 
deformation of the metal later.  392 
 393 
4. Analysis of the effective indenter tip geometry change 394 
To better understand the indenter nose shape change effect described in Section 3, a 395 
series of experiments was performed on monolithic metallic plates loaded by a range of 396 
systematically varied indenter tip geometries. The plates were identical to those used in 397 
the bi-layer experiments (aluminium alloy 6082-T6, hm = 1 mm). The geometries of the 398 
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indenters are shown in Fig. 8. The geometry was modified from blunt to hemi-spherical 399 
in two ways: (i) by increasing the chamfer radius at corner of the indenter, and (ii) by 400 
maintaining the centre of curvature of the tip on the indenter axis and reducing the tip 401 
radius (as in Corran et al., 1983b). Although the indenters are non-deformable, the 402 
relationship between tip shape and plate failure mode provides insights that support the 403 
interpretation of the bi-layer results. 404 
The indenter force F versus indenter displacement 𝑢𝑖 is shown in Fig. 9a for indenters 405 
with four chamfer radii:  Rc = 0, 1.5, 4.5 and 6.25 mm (the latter being equal to Ri). 406 
Results are given in Fig. 9b for indenters with four tip radii, Rf  = 7.5, 9.0, 12.0 and 30.0 407 
mm, in addition to the hemi-spherical and blunt cases, corresponding to Rf  = 6.25 mm 408 
and Rf  = ∞ respectively. Increasing 𝑅𝑐 𝑅𝑖⁄  reduces the slope 𝜕𝐹 𝜕𝑢𝑖⁄  within the 409 
membrane stretching phase (phase 1).  However, the indenter displacement at fracture 410 
(𝑢𝑖𝑓) increases with increasing 𝑅𝑐 𝑅𝑖⁄  , resulting in an overall increase in the perforation 411 
energy (Fig. 9c). A similar reduction in slope can be seen in Fig. 9b with increasing 412 
𝑅𝑖 𝑅𝑓⁄ . However, the indenter displacement at fracture 𝑢𝑖𝑓 increases initially (up to 413 
𝑅𝑖 𝑅𝑓⁄ . = 0.69) and then decreases. This results in a maximum in the perforation energy, 414 
Fig. 9c. The deformed plates at the point of fracture are shown in Fig. 10 for all indenter 415 
tip geometries. Increasing either 𝑅𝑐 𝑅𝑖⁄  or 𝑅𝑖 𝑅𝑓⁄  from 0 to 1 results in a transition from 416 
failure at the perimeter of the indenter to failure at the centre of the plate. The transition 417 
occurs over a narrow range of 𝑅𝑖 𝑅𝑓⁄ , between 0.53 and 0.69, which also corresponds 418 
to the peak in perforation energy in Fig. 9c. However, the transition in failure mode 419 
occurs more gradually when increasing 𝑅𝑐 𝑅𝑖⁄ , with fracture always occurring in the 420 
region of contact with the chamfer. Increasing the polymer layer thickness hp for bi-421 
layer targets with the polymer facing the indenter therefore leads to a variation in 422 
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response (in terms of both perforation energy and failure mode transition of the metallic 423 
substrate) that is more consistent with the polymer layer increasing 𝑅𝑖 𝑅𝑓⁄ .  424 
A comparison is made in Fig. 11 between the quasi-static indentation response, using a 425 
blunt indenter, of three bi-layers (hp = 1.5, 3 and 6 mm) with that of a monolithic metal 426 
plate loaded by indenters with different Rf. In the bi-layer case, the back face deflection 427 
of the metal layer (uB) is used (the indenter displacement includes a contribution from 428 
the polymer compliance). For the monolithic metallic plate, indenter displacement and 429 
back face displacement are identical to within 0.2 mm, and so indenter displacement is 430 
used, for convenience.  431 
In Fig. 11a, the indentation response of the bi-layer with hp = 1.5 mm is compared with 432 
that of monolithic metal plates loaded by three different indenter nose shapes. The 433 
response of the bi-layer initially follows that of the monolithic metal loaded by a blunt 434 
indenter, but deviates at larger indenter displacements. Fracture occurs at a 435 
displacement of approximately 10.5 mm, which is closest to the monolithic case with a 436 
tip geometry Rf  = 12 mm. If we assume that the polymer deformation changes the 437 
effective frontal nose radius of the indenter (?̂?𝑓) simply by following a geometrical 438 
relationship: 439 
?̂?𝑓 =
𝑅𝑖
2+ℎ𝑝
2
2ℎ𝑝
  . (3) 
then, for this polymer thickness (hp = 1.5 mm), ?̂?𝑓 = 13.77 mm will be obtained. 440 
Although a crude model, it appears to give a reasonable indication of the tip geometry 441 
at failure.   442 
A similar comparison is performed for the bi-layers with hp = 3 and 6 mm in Figs. 11b 443 
and 11c respectively. Likewise, the response initially follows that of a monolithic plate 444 
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loaded by a blunt indenter. As indentation progresses, the slope of the indenter force-445 
displacement curve, and the indenter displacement at failure, tends towards those of 446 
monolithic plates loaded by indenters with a tip geometry similar to ?̂?𝑓. 447 
These observations support the hypothesis that the deformation in the polymer layer 448 
alters the effective nose radius of the indenter, and hence indirectly increases the energy 449 
absorption in the metal backing layer. Specifically, it appears to increase the frontal 450 
nose radius. However, loading a monolithic plate with a non-deformable indenter with 451 
𝑅𝑓 ≈ ?̂?𝑓 does not replicate all features of the bi-layer response, as the effective tip 452 
geometry appears to develop progressively during the indentation. For small indenter 453 
displacements, where little or no deformation occurs in the polymer, the response more 454 
closely matches that of a monolithic plate loaded by a blunt indenter.  This progressive 455 
evolution of the effective tip geometry makes the application of analytical solutions 456 
developed for monolithic plates loaded by various fixed tip geometries (e.g. in [27]) 457 
unreliable.  458 
 459 
5.  Impact perforation 460 
We consider next the perforation resistance of polymer-metal bi-layer plates subject to 461 
impact loading by a blunt projectile.  The objective is to assess whether the modes of 462 
deformation, failure and energy absorption observed under quasi-static loading are 463 
altered under dynamic loading. 464 
 465 
5.1 Impact test methodology 466 
The target and clamping arrangements used in the impact experiments are identical to 467 
those described above for the quasi-static tests and illustrated in Fig. 1.  Flat, square 468 
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specimen plates were clamped to a supporting plate by a circular clamping ring with 469 
internal diameter 100 mm.  Blunt-nosed projectiles with diameter 12.5 mm (identical 470 
to the indenter geometry used in the quasi-static experiments) and mass 20.2 ± 0.2 g 471 
were machined from mild steel.  No plastic deformation of the projectile was observed 472 
during any of the impact experiments.  The projectile was fired at velocities in the range 473 
30-180 ms-1 using a gas gun with barrel of internal diameter 12.7 mm.  The specimen 474 
supporting plate was mounted to a steel frame and oriented normal to the barrel, so that 475 
the projectile impacted at 90° to the target.  A high speed camera (Vision Research 476 
Phantom V710) oriented perpendicular to the flight of the projectile was used to record 477 
the motion of the projectile during its interaction with the target at a rate of 23000 478 
frames per second.  The projectile was designed with a tail of diameter 5 mm and length 479 
20 mm, in which reference grooves were machined, so that the high speed camera could 480 
continue to track the projectile motion throughout its interaction with the target, even 481 
when the nose was obscured by the clamping frame.  The high speed images therefore 482 
provided measurements of both the impact velocity Vi and the residual velocity Vr.  We 483 
define a positive velocity in the direction of initial impact, so that a negative Vr indicates 484 
reflection of the projectile, and a positive Vr indicates perforation.  Laser velocity 485 
gauges mounted at the barrel exit were used to verify the impact velocity obtained from 486 
the high speed photography, and showed good agreement.   487 
A measure of the ballistic limit for each target was obtained by plotting residual velocity 488 
Vr against impact velocity Vi for a number of impact experiments.  A curve was fitted 489 
through all data points with Vr ≥ 0.  The intersection of this curve with the zero residual 490 
velocity axis is considered to be the ballistic limit Vbl in this investigation.  A 491 
polynomial form for the curve fit was used, based on the Lambert and Jonas relation 492 
[28]: 493 
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𝑉𝑟 = 𝑎(𝑉𝑖
𝑝 − 𝑉𝑏𝑙
𝑝)1/𝑝  . (4) 
where a, p and Vbl are fitting parameters.  To ensure adequate resolution of Vbl, repeat 494 
experiments were conducted at speeds near the ballistic limit in order to achieve at least 495 
4 data points within -14 ms  of Vbl.  496 
 497 
5.2 Impact response of monolithic and bi-layer plates 498 
We first compare the impact response of one bi-layer configuration (hm =1 mm, hp =3 499 
mm) with monolithic targets of the constituent materials.  Here, the materials used are 500 
again aluminium alloy 6082-T6 and the polymer LDPE.   501 
The initial and residual velocities of the projectile are shown in Fig. 12 for a monolithic 502 
metal plate with hm =1 mm and a monolithic polymer plate with hp =3 mm. These 503 
materials are identical to the individual layers in the bi-layer target. Results are also 504 
shown for a monolithic metal plate with thickness hm =2 mm; this target plate has 505 
approximately the same mass per unit area as the bi-layer target.  The polynomial curves 506 
fitted to the residual velocity data, following Eq. (4), are shown.  For the aluminium 507 
alloy plate with hm = 1 mm, the curve fit gives a ballistic limit Vbl = 57 ms
−1 (the other 508 
fitting parameters are p = 2.22 and a = 0.98).  The thicker aluminium plate (hm = 2 mm) 509 
results in Vbl = 96 ms
−1 (p = 2.22, a = 0.97).  For the LDPE plate Vbl = 46 ms
-1 (p = 1.8, 510 
a = 0.98).  Both materials failed by plugging, identical to the quasi-static case.   511 
The bi-layer impact results are also plotted in Fig. 12.  Two cases are shown: polymer 512 
on the impacted face, and polymer on the distal face.  The impact results are consistent 513 
with the findings of the quasi-static experiments, with the energy required to perforate 514 
significantly higher when the polymer is placed on the impacted face rather than the 515 
distal face. The ballistic limits are -194.5 ms  and -165.5 ms  for these cases, respectively. 516 
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Placing the polymer on the distal face increases the ballistic limit only slightly 517 
compared to the monolithic metal with hm =1 mm.  However, when the polymer is on 518 
the impacted face, the ballistic limit is close to, but slightly less than, that of the 519 
equivalent mass monolithic aluminium alloy target (hm =2 mm).   520 
As in the quasi-static case, this performance difference between the bi-layer cases is 521 
due to the mode of deformation and failure of the metal layer.  With the polymer on the 522 
distal face, the metal layer fails by plugging, similar to perforation of the monolithic 523 
metal plate.   It is observed that in the bi-layer case the metal layer fails at Vi = 58 ms
-1 524 
(which is slightly higher than the ballistic limit of the bare metal, Vbl =57 ms
-1), with 525 
the polymer layer remaining intact at this impact velocity.  However when the polymer 526 
is placed on the impacted face, plugging is suppressed and the metal layer undergoes 527 
increased dishing deformation, providing additional energy absorption.   528 
 529 
5.3 Failure mode transition: comparison of quasi-static and dynamic loading 530 
The function of the polymer in altering the mode of deformation and failure of the bi-531 
layer therefore appears to be similar for impact loading and quasi-static perforation.  532 
We next compare the influence of increasing the polymer thickness for these two load 533 
cases.  The comparison is made for the bi-layer configuration with a fixed metal layer 534 
thickness hm = 1 mm and polymer layer thicknesses hp = 1.6, 3.0, 4.5 and 5.9 mm.  The 535 
metal is aluminium alloy 6082-T6, and the polymer is LDPE, located on the impacted 536 
face. The perforation energy (W) for quasi-static and impact loading cases are compared 537 
in Fig. 13a for increasing hp.  The perforation energy in the impact case is taken to be 538 
the initial kinetic energy of the projectile at the ballistic limit.  A similar trend is seen 539 
for the two load cases, with W increasing with hp, but at a reducing rate.  The perforation 540 
energy W is also larger in the impact case for all polymer thicknesses hp. Inertia and 541 
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strain rate sensitivity in both layers contribute to this dynamic elevation of the 542 
perforation energy. Photographs of the distal (metal) face of the bi-layer specimens at 543 
the onset of failure are shown in Fig. 13a for the impact case.  The transition from 544 
plugging failure (small hp) to increased dishing and tensile failure (large hp) with 545 
increasing polymer thickness mirrors the quasi-static case (Fig. 6).   546 
 547 
5.4 Comparison with monolithic targets on an equal mass basis 548 
To assess the mass-efficiency of the bi-layer solution under impact, we next compare 549 
the bi-layer results described in Section 5.3 with monolithic specimens of the same 550 
metal and polymer type over the same range of plate mass.  The plate thicknesses tested 551 
were hm = 1.0, 1.6, 2.0 and 3.0 mm for the monolithic aluminium alloy targets, and hp 552 
= 3.0, 4.5, 5.9 and 9.1 mm for the monolithic LDPE.  The perforation energy W is 553 
plotted in Fig. 13b against the mass per unit area of the target for the bi-layer and 554 
monolithic plates.  Note that the bi-layer experimental results begin at an areal density 555 
that represents zero polymer thickness.  The results for both monolithic metal and 556 
polymer targets show an approximately linear trend in W with increasing plate mass, 557 
the aluminium alloy outperforming the polymer. In all cases, failure was by plugging.  558 
For the bi-layer target with small polymer thicknesses, the activation of dishing 559 
deformation results in a perforation energy that exceeds that of the equivalent mass 560 
monolithic metal.  However, as hp / hm is increased further, the energy absorption tends 561 
towards the monolithic polymer result, and therefore begins to underperform 562 
monolithic metal.  The optimum performance of the bi-layer relative to the equivalent 563 
mass monolithic metal target occurs when hp = 1.6 mm, corresponding to a target mass 564 
4.2 kg m-2 and hp / hm =1.6 (Fig. 13b).  Note that this bi-layer configuration also 565 
corresponds to a maximum in perforation energy per unit mass (obtained using Eq. (2)).  566 
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This optimum polymer thickness is smaller than that observed under quasi-static 567 
loading  (for which hp = 3 mm offered the best perforation resistance per unit mass of 568 
plate). It therefore appears that dynamic deformation of the polymer reduces the 569 
thickness necessary to achieve the critical effective projectile nose shape. 570 
The results of bi-layers with 2 mm metal substrate is also included in Fig 13b. In this 571 
case, only bi-layer targets with polymer thicknesses hp = 1.6 and 3.0 mm were used. 572 
The maximum polymer thickness that could be perforated in this case was limited by 573 
the impact speeds obtainable with the gas gun apparatus. The influence of the substrate 574 
thickness on the bi-layer response appears to be the same under impact conditions as 575 
that observed under quasi-static loading (Fig. 7). A given polymer layer thickness 576 
results in a greater improvement in perforation energy for the bi-layer with hm = 2 mm 577 
compared to the hm = 1 mm case.  As a result, the bi-layer with the thicker substrate 578 
outperforms the equivalent mass monolithic metal for both polymer thicknesses tested 579 
(Fig. 13b). 580 
 581 
6.  Influence of polymer properties 582 
The results presented so far were obtained for one polymer layer type: low density 583 
polyethylene (LDPE). We consider next the influence of the mechanical properties of 584 
the polymer layer on the quasi-static and impact perforation of bi-layer plates with the 585 
polymer layer facing the indenter.  Specifically, the influence of yield strength, ductility 586 
and strain hardening are considered, while maintaining the density and glass transition 587 
temperature of the polymers approximately constant. This is achieved by comparing 588 
three types of polyethylene: low density (LDPE), high density (HDPE) and ultra high 589 
molecular weight (UHMWPE). All polyethylene specimens were obtained from 590 
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extruded sheet.  The measured densities of the three polymers are approximately equal: 591 
930 kg m-3 (LDPE), 960 kg m-3 (HDPE) and 940 kg m-3 (UHMWPE).   592 
The viscoelastic properties of the polymers were characterised using Dynamic 593 
Mechanical Analysis spanning a temperature range of -175 °C to 120 °C (with 594 
specimens tested in a cantilever bending configuration at a frequency of 1 Hz), the 595 
results of which are given in Fig. 14. At room temperature, the HDPE has the highest 596 
elastic modulus, and the LDPE the lowest (Fig. 14a). The peaks in loss modulus show 597 
three relaxation events, denoted α, β and γ (Fig. 14b).  The glass transition (the γ peak) 598 
occurs at approximately  -120 °C for all three polyethylenes. The β relaxation is 599 
associated with molecular chain motion in the amorphous phase, and the α relaxation 600 
to chain motion in the crystalline phase.  The slightly higher α relaxation temperature 601 
and lower amplitude of the loss modulus peak in the β relaxation indicate that the HDPE 602 
and UHMWPE specimens have a higher crystallinity than the LDPE specimen [29,30].   603 
The nominal tensile stress-strain curves for all three polymers are shown in Fig. 2b. The 604 
measurement technique used is identical to that described previously for the LDPE. The 605 
HDPE has a higher yield strength than the LDPE, and it also has the highest tensile 606 
ductility of the polymers tested. The higher yield strength of the HDPE compared to the 607 
LDPE is consistent with it having a higher degree of crystallinity. The UHMWPE has 608 
a slightly lower yield strength than the HDPE, but a higher rate of strain hardening.  The 609 
additional strain hardening in UHMWPE can be attributed to physical entanglement of 610 
the polymer molecular chains [31]. Further characterisation results for these three types 611 
of extruded polyethylene sheet are reported by Mohagheghian et al. [32] for a variety 612 
of load cases and strain rates. 613 
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In the following, a single bi-layer target configuration is considered, with a layer of 614 
aluminium alloy 6082-T6 that has thickness hm = 1 mm, and a polymer layer (LDPE, 615 
HDPE or UHMWPE) that has thickness hp = 3 mm and is located on the impacted face. 616 
 617 
6.1 Quasi-static loading 618 
The quasi-static perforation results for the monolithic aluminium alloy and bi-layer 619 
plates pressed by a blunt indenter are shown in Fig. 15a.  All three polymer types lead 620 
to an increase in energy absorption for the bi-layer compared to the bare metallic 621 
substrate. This is due to the same process in each case: a switch from plugging to tensile 622 
failure, accompanied by a delay in failure of the metal layer and increased dishing 623 
deformation.  This can be seen in Fig. 16a, which shows the permanent deformation of 624 
the metal layer in the bi-layer and monolithic specimens measured at the point of 625 
fracture of the metal using profilometry.  All three polymers enable much larger plastic 626 
deformation in the metal up to the point of first fracture compared to the monolithic 627 
case. It is also notable in Fig. 16a that the plastic deformation of the metal layer is 628 
insensitive to the polymer choice.   629 
The gradient of the force-deflection plot (Fig. 15a) is slightly larger in phase 1 for the 630 
HDPE and UHMWPE bi-layers compared to the LDPE case. This can be explained by 631 
the higher yield-strengths of these polymers offering higher resistance to local 632 
indentation. The indenter displacement at fracture of the metal layer is also slightly 633 
different for the three bi-layer cases, with UHMWPE achieving the largest value.  634 
However, the differences between the three bi-layer specimens are not large: the 635 
polymer choice has only a small influence on the total perforation energy, as shown in 636 
Fig. 15b.  This further supports the argument that the polymer contributes little to the 637 
overall increase in energy absorption through dissipative mechanisms within the 638 
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polymer itself.  Its primary function is to deform under the indenter in order to promote 639 
dishing and plastic dissipation in the metal, and all three polymers have sufficiently low 640 
strength and high ductility to perform this function during quasi-static loading.  641 
 642 
6.2 Impact loading 643 
Impact experiments were performed on the same monolithic and bi-layer target 644 
configurations in order to assess the sensitivity to the polymer type under dynamic 645 
loading conditions.  The impact perforation energy for the bi-layer specimens is shown 646 
in Fig. 15b. Profilometry results of the deformed metal layers at an impact velocity for 647 
which perforation just occurs are shown in Fig. 16b.  The dynamic loading results in 648 
larger plastic deformations at fracture and increased perforation energy for the 649 
monolithic and the bi-layer specimens.  However, the performance advantage of the bi-650 
layers relative to the bare metallic substrate, while maintained for the UHMWPE case, 651 
is diminished for both the LDPE and HDPE cases.  652 
To understand this increased sensitivity to polymer type, the tensile tests reported in 653 
Section 2 were repeated on the three polymers at an increased strain rate. The results 654 
are summarised in Table 1.  Consider first the dynamic elevation in the strength of the 655 
polymers.  The yield strength increases in a similar manner for each polymer with 656 
increasing strain rate, with the rate of increase slightly greater for HDPE.  Differences 657 
in the dynamic strength of the polymers therefore do not explain the relative 658 
performances of the bi-layer targets.  659 
Fig. 16c shows the post-impact profilometry results for two bi-layers with either LDPE 660 
or UHMWPE facing the projectile. Both bi-layers were impacted at the same velocity 661 
of 85 ms-1, which is below their ballistic limits. No sign of fracture in the metal layer 662 
was observed in either case at this impact velocity. The LDPE layer shows more local 663 
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shear deformation at the perimeter of the projectile compared to the UHMWPE. As a 664 
result, a plug of material, ahead of the projectile, has started to develop in the LDPE 665 
layer (Fig. 16c), which is not the case for UHMWPE at this impact speed (Fig. 16c). 666 
This affects the local deformation and curvature of the metal layer, which in turn can 667 
explain the lower perforation velocity for a bi-layer using LDPE. 668 
Mohagheghian et al. [32] conducted shear punch experiments on LDPE, HDPE and 669 
UHMWPE at strain rates spanning five orders of magnitude. Their results show that the 670 
resistance to shear deformation (localisation followed by failure) is significantly higher 671 
for UHMWPE compared to LDPE and HDPE. The shear resistance of UHMWPE also 672 
significantly increases at higher strain rates due to the higher strain rate sensitivity of 673 
strain hardening for this material. In contrast, for LDPE and HDPE, when increasing 674 
the strain rate, softening in the shear response is observed which is believed to be caused 675 
by adiabatic heating. The same mechanism seems to be responsible here. For LDPE, 676 
strain localisation is accelerated by local adiabatic heating at high strain rates, as the 677 
flow stress of polyethylene is significantly reduced by increasing temperature during 678 
high strain rate deformation. A high degree of strain hardening, which is maintained at 679 
high strain rates, delays localisation, diffusing regions of high strain in UHMWPE. This 680 
explains the higher dynamic elevation in perforation energy for the bi-layer with 681 
UHMWPE (Fig. 15b). 682 
 683 
6.3 Comparison with equal mass monolithic metal 684 
Finally, the influence of polymer type on the competitiveness of the bi-layer solution 685 
with monolithic aluminium alloy on an equal mass basis is considered. Fig. 15b 686 
compares the perforation energy of the bi-layer specimens with monolithic metal plates 687 
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with thickness hm = 2 mm, which have the same total mass. Quasi-statically, the bi-688 
layer plates outperform the monolithic metal for all three polymer types. However, the 689 
choice of polymer becomes more important under impact loading. While the UHMWPE 690 
bi-layer maintains a similar performance advantage compared to the equal mass 691 
monolithic target, the HDPE and LDPE bi-layers see a reduction in relative 692 
performance. The lack of resistance to localisation of these polymers under impact 693 
conditions therefore makes them less attractive in comparison with a metallic target on 694 
an equal mass basis. 695 
 696 
7. Discussion 697 
In the previous sections, we argued that the primary function of the polymer in the bi-698 
layer system is to alter the effective tip geometry of the projectile (or indenter). In this 699 
section, we discuss alternative mechanisms that have been proposed in the literature in 700 
order to explain the performance of polymer-metal bi-layer systems loaded 701 
dynamically.  702 
Two main mechanisms have been proposed: (i) an impact induced glass transition in 703 
the polymer layer [2,20,33] and (ii) stabilisation of the onset of tensile necking in the 704 
metal layer [34,35]. However, neither of these mechanisms can adequately explain the 705 
bi-layer performance in the current investigation, for the following reasons: 706 
1. Impact induced glass transition: In the current study, we carried out both quasi-707 
static and dynamic perforation experiments, and observed similar performance 708 
enhancements for bi-layer systems in both cases. The strain rate induced in the 709 
polymer layer is therefore deduced to be of secondary importance to the 710 
mechanism responsible. Furthermore, the polymers studied here have a very 711 
low glass transition temperature (Tg around -120°C, as shown in Fig. 14), and 712 
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so it is unlikely that the transition from a rubbery to glassy state occurs, even 713 
under impact loading. 714 
2. Neck retardation: For a polymer layer to retard the onset of necking in the metal 715 
layer, a bonded interface is required between the layers [34]. However, in this 716 
investigation, the layers are only in frictional contact. The second requirement 717 
for neck retardation is a polymer with sufficiently large incremental stiffness. 718 
For the polyethylenes used in this investigation, yielding occurs at a true strain 719 
of around 0.05, and the incremental stiffness subsequently drops significantly 720 
and remains low up to a true strain of about 1 [31,36]. This is the range of strains 721 
for which necking occurs in the aluminium layer. Based on the analysis of Xue 722 
and Hutchinson [34] for a bi-layer plate under bi-axial stretching, the polymer 723 
tangent modulus required to activate the neck retardation mechanism is 724 
calculated to be around 170 MPa for the material combination used in this study. 725 
It should be noted that, as the loading and boundary conditions differ from those 726 
of the Xue and Hutchinson [34] analysis, this value can only be treated as 727 
indicative of the critical tangent modulus for the current test configuration. 728 
Nonetheless, the incremental stiffness of the polymer is significantly lower than 729 
this value, and so the neck retardation mechanism is unlikely to be active in the 730 
current experiments.  731 
Consequently, we conclude that the effective nose shape change is the primary 732 
synergistic mechanism for the bi-layer targets considered here.  The same mechanism 733 
has been observed for thin metallic plates when impacted by deformable projectiles. 734 
Liu and Stronge [37]  investigated the failure modes and ballistic limit of thin metallic 735 
targets using projectiles with different strengths. They observed that by decreasing the 736 
strength of the projectile more deformation (normally called ‘mushrooming’) occurred 737 
 31 
in the projectile. As a result, both the diameter and nose radius of the projectile are 738 
changed. This has a direct effect on the failure mode in the metal. For a blunt projectile 739 
with higher strength, shear failure is most likely to occur. Conversely, for more 740 
deformable projectiles, tensile tearing is more favourable. The increase in the ballistic 741 
limit for softer projectiles is considered to be the result of more dishing in the plate. 742 
Positioning a soft and deformable polymer layer between a non-deformable blunt 743 
projectile and the metal layer is believed to have a very similar effect.  744 
 745 
8. Conclusions 746 
An experimental investigation has been conducted into the influence of a polymer layer 747 
on the quasi-static and impact perforation of thin metallic plates by a blunt indenter. 748 
The following conclusions are made: 749 
 For both quasi-static and impact loading, the mode of deformation and failure of a 750 
bi-layer specimen are sensitive to the order of the layers. If the metallic layer faces 751 
the indenter, both layers fail by plugging (as observed for monolithic plates of the 752 
same materials). In this case, the perforation energy of the bi-layer is significantly 753 
below that of a monolithic metal plate of the same mass. However, if the polymer 754 
is located on the impacted face of the plate, more dishing occurs in the metallic 755 
layer, followed by tensile failure. This increases the energy dissipated in the metal 756 
layer, and results in a significant rise in the perforation energy. 757 
 When a bi-layer plate has the polymer facing the indenter, the polymer forms a cap 758 
under the indenter tip, altering its effective nose shape. This is responsible for the 759 
change in the mode of deformation of the metal layer. The shape of this polymer 760 
cap (which is retrieved after each experiment for inspection) depends on the 761 
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thickness of the polymer layer. As the polymer thickness is increased, the metal 762 
layer undergoes a transition from plugging (thin polymer layer) to dishing and 763 
tensile failure (thick polymer layer). 764 
 There is an optimum ratio of polymer to metal thickness to maximise the 765 
perforation resistance of this bi-layer configuration relative to a monolithic metal 766 
plate of the same mass. At the optimum, the polymer layer alters the indenter tip 767 
geometry such that the amount of dishing deformation in the metal layer is a 768 
maximum. (A similar behaviour is observed by loading the metallic plate directly 769 
with indenters having a range of tip radii, from blunt to hemi-spherical, with peak 770 
perforation resistance seen at an intermediate tip radius). The optimised bi-layer 771 
plate has a higher perforation energy than an equivalent mass monolithic plate.  772 
 Under impact loading the response of the bi-layer with the polymer facing the 773 
indenter is sensitive to the polymer type. A high degree of strain hardening (as 774 
displayed by UHMWPE) appears to be a key polymer characteristic for increasing 775 
the perforation energy, rather than the yield strength of the polymer. Strain 776 
hardening resists strain localisation in the polymer as it deforms plastically under 777 
the indenter, delaying polymer plug formation and in turn delaying fracture of the 778 
metal substrate. 779 
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Figure Captions 902 
Figure 1: Schematic of the specimen plate clamping and loading arrangement. 903 
 904 
Figure 2: Quasi-static uniaxial tensile response of (a) Al alloy 6082-T6 (b) 905 
polyethylenes LDPE, HDPE and UHMWPE. 906 
 907 
Figure 3: Quasi-static indentation responses. (a) Monolithic Al alloy 6082-T6 (hm =1 908 
mm), including a linear fit to phase 1b. (b) Comparison between monolithic 6082-T6 909 
(hm =1 mm), monolithic LDPE (hp =3 mm), and bi-layer plates of the same materials 910 
(hm =1 mm, hp =3 mm) with the polymer on the contact surface (in front of the metal) 911 
and the distal surface (behind the metal). 912 
 913 
Figure 4: Failure modes observed during quasi-static indentation.  Monolithic plates of 914 
(a) Al alloy 6082-T6 (hm =1 mm) and (b) LDPE (hp =3 mm).  Bi-layer plates of the 915 
same materials (hm =1 mm, hp =3 mm) with (c) the metal on the contacted face, (d) 916 
LDPE on the contacted face, shown at the onset of failure of the metal layer and (e) 917 
shown fully perforated.  Image (c) shows the contacted face, while (d) and (e) show the 918 
distal face.  919 
 920 
Figure 5: The effect of polymer layer thickness (hp) on the quasi-static indentation 921 
response of polymer-metal bi-layer: (a) Force (F) against indenter displacement (ui), 922 
(b) Energy absorbed (W) during phases 1 and 2 of indentation, and the total for the 923 
complete perforation of the plate. ?̅? is the total perforation energy normalised by the 924 
mass per unit area of the plate, (c) Comparison of the indenter displacement (uif) and 925 
distal face displacement in the centre of the plate (uBf) under load at the point of fracture 926 
 39 
of the metal layer. In all cases the polymer is located on the contacted face and the metal 927 
layer is Al alloy 6082-T6 (hm =1 mm).  928 
 929 
Figure 6: Failure modes observed during quasi-static indentation for monolithic Al 930 
alloy plates (6082-T6) and bi-layer plates with hm =1, 2 mm (6082-T6 on the distal face, 931 
LDPE on the contact face) at the onset of fracture of the metal layer. The distal face is 932 
shown in each case.  Also shown is the polymer cap which formed at the tip of the 933 
indenter in each bi-layer case.  934 
 935 
Figure 7: (a) Comparison of the energy absorption (W) in phase 1 of quasi-static 936 
indentation for specimens with two metal layer thicknesses (hm =1 mm and 2 mm, both 937 
6082-T6) and different thicknesses of polymer hp (LDPE).   938 
 939 
Figure 8:  Axi-symmetric indenter tip geometries with (a) different chamfer radii (𝑅𝑐) 940 
and (b) different tip radii (𝑅𝑓). 941 
 942 
Figure 9: (a),(b) Quasi-static indentation responses (ui is the indenter displacement and 943 
F the force) and (c) energy absorbed (W) in phase 1 for monolithic Al alloy 6082-T6 (944 
1 mmmh  ) plates perforated by indenters with different corner radii Rc and tip radii Rf.  945 
 946 
Figure 10:  Failure modes observed during quasi-static indentation of monolithic Al 947 
alloy 6082-T6 ( 1 mmmh  ) for indenters with different values of 𝑅𝑖 𝑅𝑓⁄  and 𝑅𝑐 𝑅𝑖⁄ .  948 
The distal face at the onset of fracture is shown in each case. 949 
 950 
 40 
Figure 11:  Comparison of indentation response, using a blunt indenter, of the bi-layers 951 
with (a) hp = 1.5 mm, (b) hp = 3 mm and (c) hp = 6 mm with monolithic metal using 952 
indenters with different Rf . In all bi-layer cases the metal layer (Al alloy 6082-T6 hm 953 
=1 mm) is located on the distal face. 954 
 955 
Figure 12: Residual velocity (Vr) versus impact velocity (Vi) of the projectile for: 956 
monolithic Al alloy 6082-T6 (hm =1 mm and 2 mm), monolithic LDPE (hp =3 mm) and 957 
bi-layer plates of the same materials (hm =1 mm, hp =3 mm) with the polymer on the 958 
impacted surface (marked ‘polymer-metal’) or the distal surface (marked ‘metal-959 
polymer’).  The zero energy absorption line (Vr = Vi) is shown for reference.  960 
 961 
Figure 13: (a) Comparison of the perforation energy (W) between quasi-static and 962 
impact loading for plates with metal thickness hm =1 mm (6082-T6) and different 963 
thicknesses of polymer hp (LDPE) on the impacted face.  (b) Variation of the perforation 964 
energy with total plate mass per unit area for monolithic 6082-T6, monolithic LDPE 965 
and two configurations of bi-layer:  (i) hm =1 mm with increasing hp and (ii) hm =2 mm 966 
with increasing hp . 967 
 968 
Figure 14: Dynamic mechanical analysis: temperature scan at a frequency of 1 Hz for 969 
LDPE, HDPE and UHMWPE showing (a) storage and (b) loss modulus.  970 
 971 
Figure 15: (a) Quasi-static indentation responses of monolithic Al alloy 6082-T6 (hm 972 
=1 mm) and bi-layer plates with hm =1 mm (6082-T6) and hp =3 mm (three polymer 973 
types).  In all cases the polymer is located on the contacted face.  (b)  A comparison of 974 
the quasi-static and impact perforation energy of the bi-layer plates.  Shown as dashed 975 
 41 
lines are the quasi-static and impact perforation energies for monolithic metal plates 976 
with hm =2 mm (the same mass as the bi-layers). 977 
 978 
Figure 16: Permanent distal face deflection (dp) of the metal layer at the onset of fracture 979 
of the metal for monolithic metal and bi-layer plates, measured along the plate diameter 980 
using profilometry.  Horizontal distance x is measured relative to the centre of the plate.  981 
(a) Quasi-static and (b) impact loading.  The monolithic plate is 6082-T6 (hm =1 mm), 982 
and the bi-layer plates have hm =1 mm (6082-T6) and hp =3 mm (LDPE, contacted 983 
face). (c) Compares the permanent deflection of the metal layer (distal face) and the 984 
polymer layer (distal and impacted faces) for two bi-layers with either LDPE or 985 
UHMWPE on the impacted face, for a projectile velocity of 85 ms-1. 986 
 987 
Table 1: Strain rate dependence of the polymer mechanical properties. 988 
.989 
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Table 1: 
 
Polymer Strain rate (s-1) 
Yield strength 
(MPa) 
Strain at break 
LDPE 
0.01 11.9 7.16 
0.1 13.3 8.87 
1 16.3 2.13 
HDPE 
0.01 27.6 21.7 
0.1 31.3 14.0 
1 35.2 1.10 
UHMWPE 
0.01 22.0 10.1 
0.1 23.9 8.70 
1 26.4 6.64 
 
 
